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The Fog-oil Anomaly Confirmed in HE LSMK-1 Tests.

U Ger ti, Shirish (.’hittmvis tind A ndrcw Zardtrki

1.os Al~mos Nwionid Lisbrsram~, Los Altimos. NM 117545
and

Jomes WulLrce
Far FielrJ Inc., Sudbury MA.

Fred Gebhurdl

SAIC. Lcxinglon, MA.
BotI Dekinder

P,V/Smoke/OhscuranIs. U.S. Army.

ABSTRACT.

%Itxlcling Jnalysts of prclimin~ry cxpcrimcrrtol dJIa ob[aincd t’rom Ihc Iligh Iincrgy
[.:lscr (tl E1. ) hcm-n propxgwiort ICSIS (I IELSMK-1) through !autically significant srnokci
:trc prcscnlctl for Ihc uusc 01 Fog-oil (FO). Thermal imngcr rliIIa logclhcr will]
lr~nsmission mcasurcmcnls and o[hcr c~pcrimcn[til cvidcncc arc used 10 rcconslrur[
wd rnodcl [he inlcractimr physics rrf [he HEL beam wi[h F(). An earlier lhcorclicul rnodcl
hy WJllaCC ( IYI13) prcdic!cd [hat Ihe high energy hcam would vapnrii.c Iwgc (> lo~m) l;()

droplc[s. whi[c [hc smtillcr drnplcts l~rimarily conducl lhcir energy 10 Ihc ~mhicnl air,
Ihcrch} cnhan L’ing lhcrm~l tslonming in air, This hchavirrr is ~islcgorilcd JS :111
imnmu]y for the inlcrxlion O( a HEL hcam wilh ucrosols hccause ~’omplclc v:lporifallun
would normally have been cIpcc IcLI.
The HE LSMK-I ICS! [ogclher wi[h compu[aiionzl results frnm our nonlincur hc~nl
propagnlinn COLICS conflrrncd lhiq prediction. Fog-nil r~rr Ihus trc clus,, ilicd JS an
clTccli~c smoke shlcld tigainsl a HEL thrcol in open air ti[ in fra. rcd wavclcng[hs, JI II u x

Icvcls ot J fcw Icns nf Kilowtills/cm2, These rcsul[s also vulidtilcd our cmnpulcr nlIMlcl\
,.hich show [h~l J punch -rhrough cffcc I IS prevcnlcd In F() duc In i!s cnhtinucd

h;ooming uharac!crislics.

1. INTROD[!(’TION.

I hc purpose 01 lhc II EI. SMK-I ICSI was It) invc$llgalc the C(il L’11”111”~ 1)1 v:lrl~lu~

t}hsuur~n[s in bl(}tiklng a hi~h energy Iw+cr hcam gcncr~tcd by Ihc MI RA(’1. l;l~cr

(w,lvclcn~:lh L - ! II ~m~. The flux Icvcl IIf Ihc hilnl upon I’OCU$IIIII WJS Jrountl J(1

k W’/u m ~. our ~lm was ItI model !hc inlepaclinn Ill’ ihls high energy Iflwr hcJm v IIh

t)h$cur~rrlw sut. h as I: I)KOII I F()) In order 10 undrrsland find prCdl L’[ IIS Illolkll!g

propcr[lc$.

I“hc prl]pilg~[it)ll III a IIEI. hcnm !hrough oh$curanlq I* ch;lr;lclcrlicd hy IWO IYIWS III

1,I 1“1.(I s (.1) I.lrlctir hcxrn spread duc III wallrring (r(!m lhc !lhsuuront~ Jnd lurllulrn Lr,

;Ind ,Illw)rpli(; n duc III ,Ilr mt)lcculcs iInd the dIsp-rsd wr(l~ols Ih) !41)nllnl-;lr ;Irrt)btjl

t,lporliillltlrl, lonI/JII~]n (pl,lsnl~ l~)rnltillonl, non llnc~r qllll’ilt CII1”L Is \ll( II ,1\

Sllmulir[rd Raman Sc~ltcrlrlp ~nd Sllmul Jlcd l!rllluuln Sc:lllrrlng In tlroplct$, Jnd I,Is I

hul ntll IC:ISI, ihcrmul l~totlnllng In ,Ilr

III 1111* ptipcr wc fhtll tirguc lh~l JI Ihc flux ICVCIN provldrd hv Ihc MI NA(’I. Iascr, l,lr~rr

1.() dr{lplcls v~porlzc, whereas Ihc wnallcr imcs ~II,Iply t.mldul[ heal III [hc iltm~)~ph.,rr.

I hrrchv ctlh~ntln~ ;ilmoxphcrlc Ihcrmal hloomlng

2. S1’\lMARY OF IIEI.SMK. I TEST RESII[,TS.

I’IIc rzpcrlrncn!ll Kctup IS skclchcd III I’ig I and dcwrlhcd In Jct JIl hv I:;lrnlrr .IIIII

[)ckindrr ( 11)H6) IIuwlally, Ihc !1111, h~ilnl (at 1 h Ilnl) W;Iq lINIl\CI! rllllghl~ Ill lhC !l’!lII’I
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Figure 1, HELSMK-I cxpcrirncmal scmp. The

~nd focuses roughly in the middle of the lhc

Fisrmcr and DcKindcr ( 19HfI)
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The bcom wonder was negligible, The cross-wind wtis hc[wccn f),ll und 4 m/s during lhc

duruiion of Ihc ICSI. The hcam shape is roughly C-shapcll,

HEL shins were made in c:car air and FO. The clear air shins melted Ihc Aluminum Iargcl

plJIe. All FO smoke shots lch lhe Iargcl plaIc in[act, implying [hm [hc IX_)-smoke

Jllcnualcs [he HEL beam. Thus Ihcrc was no punch -lhr~ugh cl-l-ccl, whcrcfis (~nc

CXPCclCd, in view of ~hc low Iaicni heal of FO lhat it would he comple[cly vaprsrizcd. This

is the srr-called FO mmmaly.

J. THE F()(;()IL ANOMALY.

Dcspilc [hc low Ialcn[ hc~[ 01 FW I 1/10 [ha[ of waler), mc~surrmenls h~vc sh~lwn [11.11

Ihc v~por pressure ~rou~d fognil droplcls IS cxlrcrnely II)W This is duc 10 [hc hIgb

cl(cc~ivc molccul~r wcighl (~pproximu[~ly 275) uf F(3 ((ichhardl ~nd Turrwr I lox(l)

Sirwc Itlc vapor pressure is low, lhc IX_) clmplcls have 10 hc hculcd up 10 IIS F II IIIII!

Icrrpcralurc ( fipproxirnalcly 627( ’K) hcfore [hey WIII sian 10 v~porilc. “rhis “’nt]n

vtiporiz alien” CITCCI is quanlilled hy several uudcs: [.ASER (iII l. ANl. ). NOXI, IN IW’iIll Jcr),

AIIVPR() !(ichh~rdl ).
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10 gcl an anulylic rcsull fur Ihc [cmpcra[ure rise uf lhc druplcl (Armslmng cl JI

(19 H5)):

AT=@f— ( I-cxp(- ~:)) (3.1)
4K L

where ~“r is [hr [cmpcra[urc rise O( [hc droplcl. a is Ihe radius of [hc droplc~, Qa is lhc

Nlic tihsorplirm cl’ficicncy of Ihc drrsplct. F is flux Icvcl, K is the thcrrnal ccmduclivily ul

ihc drrsplcl. and l~.ond is Ihc characlcris[ic lhcrm#l conducliviiy Iimc WdlC given bY

pr7v J2/3~. This iimu SCJIC is of lhc order of sub-m icmscconds. su Ihat Ihc asympluliu

value given hy sc[[ing I 10 in finily in Eqn.(.l. I ) is achieved quickly. Fur a = 1.0 urn, .\T =

3J0 ~ [or F = lokW/cm~, This ~ompa~s WC][ with the WSUIIS of [he COLIC NONLIN (SCC [:i~.

5).

INCREASE IN DROPLET TEMPERATURE AS A

FUNCTION OF THE ABSORBED IRRADIANCE
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Figure S. Tcmpcralurc increase uf single F() dmplcls u( vmious sizes, m J I’urrcll(m t]l

Ihc ilbsorhed irra(liancc. Notice Iha[ a small. submicrrm F() droplet does nul hcul up very

much, whereas n 5 micron FO dmplcl can c~sily heal up 10 huiling.

The basic puirr[ wc irrc Irying IU make In Ibis scclimr is lhtit %mall dmplcls or I:(j do ntIl

vqroril.c. tnrI large parlicles of F(_) he-t up IU builirrg and *larl vaporlllng Morrnvrr.

Irallsmissiun mcasurcmcnls al .l,ll~ m and in Ihe IR arc conslslcnt wllh an irvcrngr

panicle si#c of ahoul 0.67 urn, This cxplain~ why the IX) did rrul vanorize, and so hll~(kcd

Ihc hcom,



4. SOLVIN(; THE IIOT.SPOT PUZZLE.

Fig~rc 6 shows our conception of how Ihc hm SpOl dCVClopCd. AS

scclion, Iargc FO drops (Ihere is a non-negligible I’raclion of

shown in the previous

such par!iclcs in [hc

polydisperse distribution of FO u[ilized in Ihe ICSI) heal up by hundreds of dcgrccs. uhcr

which lhcy sIarr 10 crnit Ihcrmal risdia[ion according 10 Ihc Slcfan-Bollzmann law. This

lhcrmal rmiialion lhcn suffers mulliplc scallcring in lhc fugoi L spreading 10 * Jislflnct

of a fcw mclcrs. This spread may bc cstimalcd by [he following expression (Box Jnd

Dccpak ( 1911I )’

where r is lhc

wirvcnumhcr of

region). and a

(4.1)

oplical rlcp[h of [he smoke cloud, L is prrspaga[imr dislamc ( If)m), k is lhc

ihc [R radial ion (k = 2nlL - ().fi(Km )- [ for wavclcnglhs in Ihc X-12 Lm

is [he radius of [he drrrplcl. From transmission mcasurcmcnls, r-l,

giving Ar - 10 m, “rhis is in order-of-magni[udc agrccmenl wilh lhc observed Ihcrmal

imager data.

side view W’ “’+,

6- 12pm & b
end vi~w

EI - 12pm
3- 5 ~m

Figure 6, Schematic rcprescn[alion 10 explain [hc HoI-~poI puzllc,

Figure 7 summ~rizcs Ihc physics U( Ihc FO anomaly and the otrscrvcd lhcmlal imtigrr

hm.spol. Dtita [n Fig, 7 arc quati[alivc hcuausc no dclailcsl site dislrlhutlorr mcasurcmcnls

could he pcrforrncd wllhin the hcam palh I’Iefrwc or JUSI fiflcr Ihc irrdlatlm.

“rhc Iasl remaining problem is lhal such hot SPOIS wrrc ohscrvrd in clcur- air ~hol~ J~

well. We spcculaic Ihal in l~is uaxc, [here were dusI parriclcs in ihc hcam palh l~u41

parliclcs (quanz) can cawly heal up m l(N)()~)K on [he scale of 2 seconds, aI J IIUX Icvrl (11

I ok W/urn 2, These Imt parllclcs will Ihcn radialc Ihcrmal energy, klvirrg rlsc [u Ihr 11(II

NpOI wc JUSI diwuwm-f. l’hcw hot pisruclcs arc snmclimcs rcf~rrcd I(} ~~ “llrcnlc~”
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Figure 7. A qualilaiivc dcpiclimr of [he physics FO anomaly.

S. CONCLUSIONS.

Wc have come 10 IWO conclusions. based on our analyses of [he HELSMK-1 dirts frrr ;0.

I ) Fog-oil does no[ vaporize easily as white phosphorous or wislcr mighi. Fog-oil

cnhanccs lhcrmal blooming In air. HEL punch-lhrough M prcvcnlcd due Iu I’dollmlng.

Therefore. Fogoll Is an ●ffective shield again-w HEL Ihrcal N ~.~~m fl~r flUII lcvcli

of a few kilowaILs/cm2.

2) wc helped dvc [he hot spoI puzzle, try cslimaling Ihal Ihc lhCrmal r~~l~lllln Irt)nl

Ihc Iargc-parliclc I_rtsclion (c< l%) or [he FO di.slritru!ion c~n undergo nlulliplc

scartcring from lhc FO droplets, giving rise 10 a Iargc hwspol. Wc no[c Ihal !hc 1:0 hoi

spm could be used 10 diagnose Ihc HEL source.
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